The efficiency of an organic light-emitting diode (OLED) depends on the microscopic orientation of transition dipole moments of the molecular emitters. The most effective materials used for light generation have threefold symmetry, which prohibit a priori determination of dipole orientation due to the degeneracy of the fundamental transition.
Here, we demonstrate how polarization-resolved single-molecule spectroscopy 20, 21, 22, 23, 24, 25 can be applied to a common organometallic triplet emitter, tris(1-phenylisoquinoline)iridium(III) (Ir(piq) 3 ) to reveal spontaneous symmetry breaking in the excited state. 26 The effect becomes apparent in temporal fluctuations of the TDM vector as reported by the linear dichroism in single-molecule phosphorescence. Such fluctuations are likely to be a universal feature of molecules of higher symmetry and will influence OLED efficiency since the orientation of the TDM controls out-coupling efficiency. Given the possibility of spontaneous alignment of the guest within the host, 17,18 our results confirm why it can be desirable to break the common threefold molecular symmetry a priori, lifting the degeneracy. The phosphorescence is passed through a beam splitter and the coincidence rate between two photodiodes is measured. The correlation shows a photon antibunching dip at short times, implying that only one photon passes through the beam splitter at a given time.
The red line is a single exponential fit to the correlation which is determined by the apparent triplet lifetime. e) Single-molecule PL intensity as a function of excitation power averaged for approximately 300 molecules for each excitation intensity. The red line shows the fit with a saturation function as described in the Supporting Information.
Single Ir(piq) 3 molecules (structure inset in Fig. 1c This saturation effect, which only becomes discernible on the single-molecule level, is shown in Fig. 1e ) as a function of excitation power for an average of ~300 single molecules for each measured excitation intensity, and is accurately described by a saturation curve (solid line, see Supporting Information for details).
The orientations of the three degenerate main triplet TDMs of Ir(piq) 3 . 38 The results are shown as orange and blue dots in Fig. 2b ), respectively, which display substantial weighting to higher absolute linear dichroism values, in marked contrast to the measurement. We conclude that Ir(piq) 3 does not behave as a single dipole emitter on the timescales of this experiment (on average 100 seconds integration time per molecule). The measured noise is much greater than the calculated noise, implying that it does not originate primarily from the shot noise in the PL. The linear dichroism fluctuations can be analyzed by plotting the values in histograms in panels g), h). In both cases two distinct peaks are found, which are accurately described by Gaussians: on average, two orientations of the TDM can be resolved. However, since there is more high-frequency noise in the right-hand example, the two Gaussians are broadened and overlap more strongly in this case. We conclude that fluctuations in TDM orientation appear not only as discrete jumps but also as an overall increase in scatter of linear dichroism values, described by the standard deviation s LD .
It is important to confirm that the two measured TDM orientations of one and the same single molecule (Fig. 1g,h ) correspond to the same excited state species. We therefore compare the photon correlation (as described in Fig. 1d ), but perform a selection in terms Vauthey, E. Photoinduced Symmetry-Breaking Charge Separation. Chem. Phys.
Chem. 13, 2001-2011 (2012 Single molecule measurements were conducted using a customized confocal scanning fluorescence microscope based on an Olympus IX71. The excitation light was generated using a c.w. fiber-coupled t an offset y 0 , an amplitude A, k Exc as the excitation rate and k T as the triplet decay rate [3] . Note that at low excitation intensities (small excitation rates), the autocorrelation time τ ac becomes the phosphorescence lifetime τ PL =(k T ) -1 .
Emission intensity saturation:
The graph in Fig. 1e ) is fitted by a saturation function according to ref. [4] ( ) 
